Previous studies have shown that certain specific leaf mRNAs exhibit a diumal rhythmicity in their quantity in higher plants. To determine whether this situation is restricted to a few mRNAs, or affects a large number, we have used in vitro translation and twodimensional polyacrylamide gel electrophoresis to analyze the mRNA complement in leaves of Sinapis alba at different times during an 8-hour/16-hour day/night cycle. A method for the visual analysis of two-dimensional polyacrylamide gel electrophoresis was also developed. This method selected, at each sampling time, spots that were significant. It then selected, between two sampling times, intensity changes that were significant at the 0.02 confidence level. During a day/night cycle, complex rhythmic changes affected about 10% of the mRNAs. Nineteen different rhythm pattems were found. These 19 patterns fell into four main classes: mRNAs that increase during the light period and decrease during the dark, mRNAs that increase and then decrease during the light period, mRNAs that decrease during the light period and increase during the dark period, and mRNAs that increase and then decrease during the dark period.
represents a large part of them, we have used in vitro translation and 2D2-PAGE according to the method of O'Farrell (23) to analyze the mRNA complement in the leaves of adult vegetative plants of Sinapis alba at different times during a day/night cycle. Because we were not interested in analyzing only a few spots, but rather all the polypeptides found in the gels, we started by developing a reliable procedure to analyze the electrophoretograms.
MATERIALS AND METHODS

Plant Material
Plants of Sinapis alba L. were grown as described by Lejeune et al. ( 15) .
The plants used were 65 d old, grown in 8-h SD. Sampling was done every 4 h during a single day/night cycle, starting at the beginning of the light period. At each sampling time, the three youngest fully expanded leaves were collected from each of five plants. The 15 leaves were pooled to make one sample.
In leaves of higher plants submitted to the alternation of day and night, numerous processes exhibit a diurnal rhythmicity (1 1). A variety of enzymes have been shown to follow a diurnal or circadian rhythm of activity: sucrose phosphate synthase (24), nitrate reductase (27), protochlorophyllide oxydoreductase (10) , etc. In one effort to determine if such variations are the result of rhythmic changes in a synthesis/degradation balance, Brulfert et al. (3) used immunotitration to measure phosphoenolpyruvate carboxylase extracted from leaves of Kalanchoe blossfeldiana. They showed that during the day/night cycle, the rhythm in enzyme capacity was not due to a rhythm in protein synthesis or degradation but rather to a rhythmic interconversion between active and inactive forms of the enzyme.
On the other hand, several recent studies have demonstrated diurnal or circadian rhythmicity in the level of specific mRNAs (8, 9, 13, 18, 21, 25, 28 (6) . Gels were prepared for fluorography using Amplify (Amersham, UK) and exposed to preflashed Kodak X-Omat AR film, 48 Leaves of S. alba were harvested and their mRNA analyzed at the beginning (0 h), middle (4 h), and end of the day (8 h) as well as three times during the following night (12, 16 , and 20 h). The gels corresponding to the successive sampling times were compared in pairs, that is 0 h with 4 h, 4 h with 8 h, and so on.
A method was developed to achieve this with maximal reliability. Using a photographic enlargement of one gel (Fig.  IA) , a map of all spots appearing on the 24 gels was drawn. To eliminate poorly reproducible spots and some artifacts, we (Fig. lB) . Spots corresponding to translation products synthesized in the absence of added mRNA did not appear on the master due to their very faint intensity. Differences in spot intensity were determined after a very careful visual examination of each gel. Differences between two sampling times were considered valid only when they were found in all of the 16 possible comparisons between the four gels of one sampling time and the four gels of the next sampling time. Practically, when comparing two batches of four gels, we searched for polypeptides present in the four gels of one batch, each having a greater intensity than the greatest intensity reached in the other batch. This rule allowed us to avoid considering any spot that was not present four times in at least one of the two batches involved. Furthermore, a spot whose intensity on one gel of one batch was equal to its intensity on one gel of the other batch was not considered to show a variation of intensity according to our rule. These two corollaries greatly diminished the work involved in comparing two batches of gels.
This method of gel analysis has a high threshold to characterize "change." It was not able to determine with good reliability those spots that are basically constant. For example, a spot present four times in the batch of gels A and four times in the batch of gels B, with the three higher intensities in A and only one common intensity, was not classified as changing, but this did not imply that it was constant. We considered that a spot was really constant if its intensity was similar in the four gels of each batch and if, after the intensities were arranged in ascending order in the eight gels of both batches, the intensities in the two batches overlapped for more than one value. Undetected spots were counted as very faint spots, because they could vary from just above to just below the detection limit. Spots that did not comply with this rule were classified as doubtful.
The results of pair comparisons at six consecutive times are presented in Table I . Spots showing a variation of intensity are presented in Figure 2 .
As 
Diumal Rhythmicity in Spot Intensity
From Figure 2 , it appears that only 41 spots were involved in the 98 changes in spot intensity detected. These 41 spots were among the 445 spots analyzed, these being present four times at one sampling time at least. Each of these 41 spots showed, at least over one interval, an increasing intensity and, over another, a decreasing intensity. The intensity of these spots therefore showed diurnal rhythmicity. The patterns of changes for these clearly varying 41 spots fell into 19 classes. Table II. These are presented in Figure 3 . Table II shows which pattern each spot followed. Some of these patterns of changes are illustrated in Figure 4 . We also produced a more synthetic analysis by grouping the patterns in only four classes. The first class consisted of patterns that showed an increase over some intervals during the light period and a decrease over some intervals during the dark period (rhythm patterns 1, 2, 5, 6, 7, and 8 [ (2) . To overcome part of this problem, we decided to keep for analysis only those spots that appeared on at least four gels. Most of the eliminated spots were very faint spots at the limit of detectability.
Variability in spot intensity appears when the same spot on two gels from the same extract differs in intensity. This component of variability is partly related to variability in spot detectability, because faint spots can vary from just above to just below the limit of detectability. But darker spots also show the same type of variability. For example, Hruschka ( 12) has shown that, of the 100 darker spots on one gel, only 90 were in common with the 100 darker spots on a second gel of the same protein extract. When looking for changes in spot intensity between two different situations, it is absolutely necessary to overcome this variability. We have therefore used four gels for each sampling time, with two gels coming from one experiment, and two from another. In each experiment, the extract was derived from three leaves collected on each of five plants. This extract was used for two gels. Moreover, differences were considered only when detected in all of the 16 possible comparisons between the four gels of sample A and the four gels of sample B (14, 19) . According to the statistical test of Mann-Whitney, the probability that two samples, one with the four smallest values and the other with the four greatest values, belong to the same population is 0.02.
Variability in spot position appears whenever it is virtually impossible to superimpose two gels of the same extract so as to obtain good alignment of each common spot. The relative position of spots is kept, but not their absolute position. The longer the distance between two spots, the greater the variability. Authors have therefore often superimposed small areas of gels in order to obtain a good matching (20) . During visual Figure 3 Rhythm patterns are numbered as in Figure 3 . O'Farrell (23) has shown that, with a very high probability, each spot corresponds to a single polypeptide. In our study, the change in intensity of a spot corresponded to a change in the relative quantity of the corresponding mRNA. Strictly speaking, it corresponded to a change in the relative translatability of the corresponding mRNA. The experiment did not discriminate between a diurnal change in mRNA quantity and a time-specific variation in the selective degradation or in the premature termination of translation of some mRNAs. Despite this uncertainty, we will adopt below the term 'relative quantity' as the simplest explanation of the phenomenon.
The changes observed in the relative quantity of some mRNAs are not evenly distributed during the 24-h cycle. Changes are prominent at two specific times: the first 4 h of the light period and the first 4 h of the dark period.
Of the 41 mRNAs showing a variation in their relative quantity, 22 showed an increase after light was turned on. The level of many mRNAs is known to rise when light is given. This has been particularly well-illustrated with etiolated plants transferred to light as reviewed by Tobin and Silverthorne (29). In particular, in S. alba, the quantity of the mRNAs coding for the two subunits of ribulose 1,5-bisphosphate carboxylase is greater in seedlings grown 48 h in the light than in seedlings grown 48 h in darkness (22) .
Nine other mRNAs are present in smaller quantity after 4 h of light. This situation is also well documented, e.g. both the mRNA for NADPH-protochlorophyllide oxydoreductase Plant Physiol. Vol. 94, 1990 in barley and the mRNA for phytochrome in several species decrease when etiolated plants are exposed to light (1, 5) .
The second time of important changes is at the end of the light period. Four h after the light was turned off, 21 mRNAs showed a decreased and three an increased relative quantity.
Diumal Rhythmicity in the Quantity of Some mRNAs Each mRNA that showed an increased relative quantity at one time during the light/dark cycle also showed a decreased relative quantity at another time. The relative quantity of such mRNAs thus displayed a diurnal rhythm. Due to the lack of an appropriate experiment, it is not known if the rhythms are circadian. The patterns of changes observed differ among them by the time that the relative quantity increases, the duration of the increase, the time that the relative quantity decreases, and the duration of the decrease. Nineteen types of patterns have been descjibed.
The most frequent pattern (pattern 1, 16 mRNAs) is characterized by an increase at the start of the light period and a decrease at the start of the dark period. Light seems to act as a direct positive control of the quantity of these mRNAs. Patterns 14 and 16 are characterized by a maximum quantity at the end of the night, a decrease during the day, and a subsequent increase at the end of the night. They are similar to those found for light-harvesting complex protein and the early light induced protein in pea (13) and for nitrate reductase in tobacco and tomato (8) .
Patterns 3 and 4, characterized by an increase at the beginning of the day and a decrease in the second part of the day, are similar to those found for the small subunit of ribulose 1,5-bisphosphate carboxylase in pea (13) , for light-harvesting complex protein in tobacco (25), for cab in tomato (9, 18) , and for cab9 1 R in Petunia (28). All of these previously described rhythms are circadian.
Some of the 19 patterns described are probably small variations of the same basic pattern. The existence of these variations is strongly linked to the method used for the comparison of the 2D-PAGE. The 19 patterns have therefore been grouped into four classes showing strong differences between them.
It is possible that some small changes have not been detected using our method. A more sensitive approach is the cloning of the mRNAs and the measurement of their abundance using molecular hybridization techniques. This method has been used until now only to measure the quantity of known mRNAs, not for the analysis of hundreds of unknown mRNAs.
This work shows that foliar diurnal rhythmicity is not restricted to a few mRNAs. During a light/dark cycle the relptive quantity of about 10% of the mRNAs of the leaf of S. alba follows a diurnal cycle. The pattern of changes is very complex: 19 types of diurnal rhythms have been detected and grouped into four classes.
